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Abstract Species of Isorropodon are vesicomyid bivalves
for which little information is available regarding host phy-
logeny and bacterial symbioses. In this study we investigat-
ed the symbioses in three Isorropodon species from three
cold seep areas: Isorropodon bigoti (Gulf of Guinea), Iso-
rropodon megadesmus (Gulf of Cadiz) and Isorropodon
perplexum (Eastern Mediterranean). Analysis of bacterial
16S ribosomal RNA gene sequences demonstrated that each
vesicomyid species harbours a single symbiont phylotype,
that symbionts from the three species cluster together, and
that they are closely related to other known vesicomyid
symbionts. These results are confirmed by other marker
genes (encoding 23S rRNA and APS reductase) and by
fluorescence in situ hybridization. Due to their extended
depth range and transoceanic distribution Isorropodon spe-
cies are interesting examples to further study evolutionary
processes in bivalve hosts and their associated symbionts.
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1 Introduction
Vesicomyidae clams are among the dominant metazoan
fauna in deep-sea sulphide-rich habitats (e.g. hydrothermal
vents, cold seeps, whale carcasses) and occur worldwide
from 77°N to 70°S at depths from 100 to 9,050 m (Krylova
and Sahling 2010). Genera within the subfamily Pliocardii-
nae (considered large-sized vesicomyids, with shell lengths
in the range of 1 to 30 cm) display distinctive shared
features including reduced gut and feeding groove, indicat-
ing a large dependence upon (intracellular) chemoautotro-
phic bacteria for their nutrition (Krylova and Sahling 2010).
Indeed all large-sized vesicomyids studied so far live in
obligate symbiosis with sulphur-oxidising Gammaproteo-
bacteria located within their gill epithelial cells, and data
regarding the diversity, structure and functioning of symbi-
oses have been published by several authors (see Kim et al.
1995; Imhoff et al. 2003; Hurtado et al. 2003; Stewart et al.
2008; Stewart and Cavanaugh 2009; Stewart et al. 2009).
The advent of symbiosis in this group is probably linked to
its radiation that started in Eocene (from about 55 MYA)
(Amano and Kiel 2007). Unlike most chemosynthetic sym-
bioses found in metazoan, the transmission of bacterial
symbionts from one generation to the next in vesicomyids
is predominantly vertical, although occasional acquisition of
alternative lineages from the environment is also docu-
mented (Cary and Giovannoni 1993; Dubilier et al. 2008;
Stewart et al. 2008). Vertical transmission in vesycomyids
leads to host/symbiont co-speciation patterns which are not
observed for example in mytilids, despite the close related-
ness of sulphur-oxidising symbionts in these two bivalve
families (Peek et al. 1998). Genome sequencing of sym-
bionts has emphasized several traits typical of maternally-
transmitted bacteria, including genome size reduction cou-
pled with the loss of certain genes (Kim et al. 1995; Harada
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et al. 2009; Kuwahara et al. 2008; Stewart et al. 2008). The
systematics and evolution of Pliocardiinae hosts have also
been studied but their taxonomy is still under debate as
genera are typically found non-monophyletic in phylogenetic
reconstructions (Kojima et al. 1995; Baco et al. 1999; Osborn
2001; Goffredi et al. 2003; Kojima et al. 2004, 2006; Decker
et al. 2012). Yet, apart from large-sized Pliocardiinae vesico-
myids, there are in this subfamily smaller-sized species which
have been overlooked, and for which very little data is avail-
able, both for hosts and associated symbionts. Among these,
the genus Isorropodon includes nine accepted species
reported from the Eastern Atlantic Ocean along the west coast
of Africa from Namibia to Mauritania (Isorropodon bigoti
Cosel and Salas 2001, I. curtum Cosel and Salas 2001, I.
megadesmus Oliver et al. 2011, I. striatum (Thiele & Jaeckel,
1931) and I. tenina (Allen, 2001)), the Southern and North
Western Atlantic basins (I. elongatum (Allen, 2001)), the
Eastern Mediterranean Sea (I. perplexum,Sturany, 1986 the
type species), the Norwegian Sea (I. nyeggaensis Krylova et
al. 2011) and the Japan and Aleutian Trenches (I. fossajapo-
nicumOkutani et al. 2000) (see for reviewKrylova et al. 2011;
Oliver et al. 2011). The vertical range of Isorropodon is very
broad, extending from 150 m to 6,809 m and the genus has
been found in several habitats including oil drilling platform
areas, soft mud, vegetal debris and mud volcanoes (Krylova
and Sahling 2010; Krylova et al. 2011). Transmission electron
micrographs of Isorropodon perplexum gill tissue showed the
presence of bacteriocytes enclosing sulphur-oxidising bacteria
(Olu-Le Roy et al. 2004). The thick and large gills of I. bigoti
and I. megadesmus suggest that these species also harbour
bacteria (Cosel and Salas 2001; Oliver et al. 2011) although
these were not yet identified. In addition, carbon and sulphur
stable isotope signatures (−31 and −1‰, respectively) in
Isorropodon perplexum tissues indicate that thiotrophy may
significantly contribute to their nutrition (Olu-Le Roy et al.
2004; Carlier et al. 2010). The only available molecular data
for symbiotic bacteria are from the abundant endosymbionts
occurring in the gills of I. fossajaponicum (initially ascribed to
the genus Calyptogena) from the Japan Trench (Okutani et al.
2000; Fujiwara et al. 2000). Recently, we recovered a few
specimens of three Isorropodonmorphospecies from the East-
ern Mediterranean, Gulf of Cadiz and Gulf of Guinea cold
seeps. In order to verify the monophyly of Isorropodon, we
sequenced cytochrome oxidase I (COI), a molecular marker
previously used in vesicomyid studies (Baco et al. 1999; Peek
et al. 1997; Goffredi et al. 2003; Decker et al. 2012). In order
to characterize potential bacterial partners associated with
Isorropodon species, we used comparative 16S rRNA gene
sequence analysis and fluorescence in situ hybridization
(FISH). Because 16S rRNA displays notably low variation
among vesicomyid symbionts (Stewart et al. 2008, 2009), we
also sequenced fragments of the 23S rRNA- and adenosine 5′-
phosphosulfate (APS) reductase-encoding genes, to better
assess the level of relatedness to other vesicomyid symbionts.
This work presents the first molecular characterization of
Atlantic Isorropodon vesicomyids and their associated sym-
bionts. Because of their transoceanic and vertical distribution,
Isorropodon clams may provide good models for further
studies of host/symbiont biogeography and evolution.
2 Material and methods
2.1 Specimens
The specimens analysed belong to three Isorropodonmorpho-
species from three distinct sites: Isorropodon bigoti (Gulf of
Guinea), Isorropodon megadesmus (Gulf of Cadiz) and Iso-
rropodon perplexum (Eastern Mediterranean) (Fig. 1a). Three
specimens of Isorropodon bigoti were collected at cold seeps
on a pockmark at the Guiness Site (Gulf of Guinea, cruise
WACS, ROV dive 433, 1°34.65′S, 8°32.91′E, 582 m depth).
Morphologically similar to I. perplexum, I. bigoti is distin-
guished by its larger size, the much less visible and more
spaced growth lines and the more conspicuous wavy pattern
of growth (Cosel and Salas 2001). This species was initially
collected in an oil field at 150 m off Congo and deeper near
Mauritania at 900–1,200 m. It was further sampled in a
methane hydrate area in the Congo basin (500–800 m depth),
(Cosel and Olu 2009). A single specimen of I. megadesmus
was collected at the Darwin Mud volcano (Gulf of Cadiz,
cruise TTR17, station AT664Gr, 35°23.52′N, 07°11.48′W,
1,128 m depth). This species is characterized by its large
ligament that rises well above the dorsal margin of the shell
and extends posteriorly beyond the nymph to fill the escutch-
eon and was previously reported only for Captain Arutyunov
mud volcano (Oliver et al. 2011). Three specimens of I.
perplexum were collected at the Amsterdam mud volcano
(Eastern Mediterranean, Cruise MSM13/4, Station MSM13/
994-1, 35°20.06′N, 30°16.17′W, 2,024 m depth). Shells from
this species are thin-walled, ovate to elliptical in outline, with
prosogyrate beaks. The escutcheon is present and lunular
incision indistinct or missing (Cosel and Salas 2001).
The specimens were dissected immediately following
collection and their gills were preserved for symbiont char-
acterization using molecular and fluorescent in situ hybrid-
ization. Shells were kept for morphological comparison with
documented species.
2.2 DNA extraction, polymerase chain reaction,
and sequencing
Total DNA was extracted from ethanol-preserved gill tissue
of all specimens using the DNeasy Blood and Tissue Kit
(QIAGEN, CA, USA). A fragment of mtCOI and of three
bacterial genes (16S ribosomal RNA (rRNA), 23S rRNA
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and APS reductase) were amplified from all specimens (see
Table 1 for PCR details).
For mtCOI, 23S rRNA and APS reductase amplification,
products were purified using a gel extraction kit (QIAGEN)
and were sequenced at GATC Biotech (Constanz, Ger-
many). For each species, a 16S rRNA gene library was
constructed from three independent PCR products of each
individual clam, that were pooled, cleaned using a QIA-
quick Kit (QIAGEN) and cloned (TA™ cloning kit with
pCR® TOPO 2.1. vector, Invitrogen, CA, USA). Between
14 and 29 positive clones were selected from each specimen
and full-length inserts sequenced. Sequences were checked
Fig. 1 Isorropodon species of
this study. Map with sampling
locations (a). ML phylogenetic
tree based on the mitochondrial
COI gene of vesicomyids
(515 bp) (b). Scale bar
represents estimated 5 %
sequence substitution.
Bootstrap support values over
50 % are shown. Taxonomy
according to the WORMS
database as of 01/03/2012
(GENBANK name also
included; in grey). Species
studied herein are represented
in red, EM: Eastern
Mediterranean; GoC: Gulf of
Cadiz and GoG: Gulf of Guinea
Table 1 PCR conditions and primers used in this studyDS: amplification products were purified and sequenced directly. GL: a gene library was
constructed





35 cycles of 30 s@94 °C, 60
s@45 °C, and 75 s@ 72 °C
Peek et al. 1997 DS
VesHCO -TCACCCAAACC
AGCAGGATC
16S Small subunit 27 F - AGAGTTTGATC
(AC)TGGCTAG
24 cycles of 45 s@94 °C,
45 s@45 °C, and 105
s@ 72 °C
Lane 1991 GL
rRNA–~1500nt 1492R - ACGG(CT)ACCTT
GTTACGACTT
23S Large subunit 3505 F - GACCGTCAGCTAA
GGTCCCAA
35 cycles of 45 s@94 °C, 45
s@53 °C, and 2 min@ 72 °C
Stewart et al. 2009 DS
rRNA–~900 nt 4761R -CCAGTCAAACTACCCAC
CATG
APS adenosine AprA-1-FW – TGGCAGATCATGA
TYMAYGG
32 cycles of 1 min@92 °C,
1 min@58 °C, and
1 min@ 72 °C
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for chimaeras with Chimera Check Ribosomal Database
Project II (http://rdp.cme.msu.edu/, Cole et al. 2003), and
most similar sequences were identified using Blast (http://
www.ncbi.nlm.nih.gov) (Altschul et al. 1997)
2.3 Phylogenetic analysis
Sequence alignments including Blast hits and representa-
tive sequences were generated for the mtCOI-, 16S
rRNA-, the 23S rRNA- and the APS reductase-encoding
genes using ClustalX and edited manually (Thompson et
al. 1997). Phylogenetic relationships were reconstructed
using Maximum Likelihood (ML) with the PHYLIP
package (Felsenstein 1993). ML used a transition/trans-
version ratio of two, empirical base frequencies, no rate
variation among sites, and randomized input of sequences.
Robustness of clades was evaluated by 100 ML bootstrap
replicates. For proteins (APS) ML were analysed using the
PROML function with the JTT model for probabilities of
change between aminoacids.
16S rRNA was further analysed using Bayesian analysis
with Mr. Bayes under a GTR model and Gamma rates run
for 4.106 generations (discarding 10 % samples as burn-in)
(Ronquist and Huelsenbeck 2003). Robustness of clades of
bacterial 16S rRNA gene sequences was evaluated by
1,000 ML bootstrap replicates and computation of Bayesian
posterior probabilities.
2.4 Statistical analysis
Correlation between hosts and symbiont genetic distan-
ces, and geographical distances were tested using the
Mantel test (PAST, Hammer et al. 2001). Two geograph-
ical scenarios were investigated: (1) Great Arc distances
between pairs of locations were estimated from the geo-
graphical coordinates; and (2) Minimum oceanic distan-
ces around continents and islands were estimated using
GOOGLE EARTH v.5. The shortest paths between all
pairs of locations were traced around present-day conti-
nental shelf margins that intervened between locations
(Zielinski et al. 2009).
2.5 Fluorescence in situ hybridization
Gill tissue was fixed on board using 4 % formaldehyde in
filtered seawater for 2 h at 4 °C, two rinses in filtered
seawater and dehydration in increasing ethanol series (50,
80 and 100 %, 10 min each). Gills were embedded in PEG
distearate: 1-hexadecanol (9:1) wax and cut into 7-μm-thick
sections using a microtome. Sections were hybridized as
previously described using Cy3- and Cy5 labelled probes
and a negative control (Duperron et al. 2007). Probe Gam42
(5’- GCCTTCCCACATCGTTT-3’) that targets the 23S
rRNA (large subunit) was used to highlight the presence
of Gammaproteobacteria, and probe ImedT2-193 (5’-
TAGAGGCCTCCTTTA-3’) that targets the 16S rRNA
(small subunit), originally designed for mussel symbionts,
was also used here since mussel symbionts are closely
related with vesicomyid symbionts. All probes were tested
at 30 % formamide. Hybridized sections were observed
under an Olympus BX61 epifluorescence microscope
(Olympus, Japan).
3 Results and discussion
3.1 Host characterization
The 560 bp fragments of mtCOI amplified from all speci-
mens of the three Isorropodon morphospecies displayed
90 % similarity with the mtCOI sequence form Calyptogena
nautilei (AB110759). COI from I. bigoti (Gulf of Guinea,
sequences identical for the three specimens) and I. mega-
desmus (Gulf of Cadiz) presented 3.4 % sequence diver-
gence whereas the sequences of I. bigoti and I. perplexum
(Eastern Mediterranean, sequences identical for the three
specimens) presented 7 % divergence. The same level of
divergence (7.5 %) occurred between COI from I. mega-
desmus and I. perplexum. Phylogenetic analysis indicated
that these three Isorropodon morphospecies formed a mono-
phyletic group (Fig. 1b) related to Calyptogena nautilei, but
with a low bootstrap support. COI genetic distances did not
correlate with geographic distances (Mantel Test, p>0.6).
The two Atlantic species presented higher sequence similar-
ity compared with I. perplexum suggesting the occurrence of
a biogeographical barrier. Previous studies on fishes and
crustaceans have shown the effect of three putative barriers
to gene flow between the Atlantic and the Mediterranean:
Strait of Gibraltar, Almeria–Oran Front and Ibiza Channel
(Garcia-Merchan et al. 2012). The level of divergence
among COI sequences from the three Isorropodon species
is within the range of values documented between distinct
populations of the species Archivesica gigas which may, in
fact, be a species complex (Osborn 2001). Goffredi et al.
2003 study on the “pacifica/lepta” species documented di-
vergence levels between 0.2 and 2.8 % (intraspecific) and
between 3.9 and 10.3 % (interspecific), levels that were
consistent with the ones reported for other described species
of vesicomyids (Peek et al. 1997, 2000). Baco et al. (1999)
and Kojima et al. (2006) documented much lower intra-
specific levels of COI variations (from 0.1 to 1.8 %) in
Calyptogena kilmeri, Calyptogena elongata and Calypto-
gena solidissima. The level of divergence reported here is
congruent with inter-specific, rather than intra-specific, var-
iations. Moreover, the three Isorropodon morphospecies
displayed distinctive morphological features and we can
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reasonably assume at this stage that they actually represent
distinct species.
Overall the Vesicomyidae phylogenetic tree based on
COI data displayed low resolution between the various
lineages, and genera did not appear monophyletic. For ex-
ample, Isorropodon fossajaponicum (initially described as
Calyptogena fossajaponica) (Okutani et al. 2000), did not
branch within the Isorropodon clade (Fig. 1). Since I. per-
plexum is the type species of the genus, the name should be
restricted to the group documented here, but this emphasizes
the need for a revision of the whole family, including the use
of additional molecular markers. Indeed, because genera
were initially poorly defined in Vesicomyidae, recent work
has attempted to clarify the taxonomy of the family (see
Krylova and Sahling 2010 for review). However the taxo-
nomic and phylogenetic study of this group is still in prog-
ress, and the incongruence between clades and named
genera is fairly evident from our, as well as from other
authors’ phylogenies (Peek et al. 1997; Goffredi et al.
2003; Kojima et al. 2004; Decker et al. 2012).
3.2 Bacterial symbioses in Isorropodon
A total of 130 clones were analysed from 16S rRNA-based
libraries: 24 from I. megadesmus, 48 from the three speci-
mens of I. perplexum, and 58 from the three specimens of I.
bigoti. A single phylotype was recovered within each of the
three species. Sequences for the three species differed from
each other by 1.4 to 3 % (Table 2), and displayed over 98 %
sequence similarity with other vesicomyid symbionts. Sim-
ilar levels of divergence (1.7 to 2.8 %) were also observed
among the 23S rRNA-encoding gene sequences. APS re-
ductase (encoding a key enzyme of sulphur metabolism)
nucleic acid sequences were identical for I. megadesmus
and I. perplexum, and both differed by 3.6 % from that of
I. bigoti (Table 2).
In the 16S rRNA- (Fig. 2a), the 23S rRNA- (Fig. 3a) and
the APS-reductase-based trees (Fig. 3b), Isorropodon
sequences clustered with other vesicomyid associated sym-
bionts. Trees based on each of the three genes indicated
monophyly of the three Isorropodon-associated bacterial
sequences, although with low to moderate bootstrap support
(54, 88 and 67, respectively). For all genes, genetic distan-
ces between symbionts were not correlated both with Great
Arc and Minimum oceanic distances (Mantel tests, p>0.6).
Gill tissue of all specimens of the three species hybrid-
ized successfully with the Gammaproteobacteria-specific
probe Gam42, and with the probe Imed-T2-193, initially
designed for mussel-associated thiotrophs but also targeting
vesicomyid symbionts due to closeness between these phy-
lotypes (Duperron et al. 2008). Positive signals were located
within a single epithelial cell type occurring in the lateral
zone of gill filaments (known as bacteriocytes, Fisher 1990).
Signals occupied most of the volume within bacteriocytes
indicating very dense symbiont populations in all specimens
(Fig. 2b and c). Overall, the smaller Isorropodon species
display symbioses resembling those documented in larger
vesicomyid species, with dense bacterial populations in the
gills. The identification of a sulphur metabolism (APS re-
ductase), the phylogenetic clustering of all vesicomyod
symbionts, and the presence of sulphide in the clam’s habitat
all suggest these symbionts oxidize sulphide like those of
larger vesicomyids. Furthermore, the tissue δ13C values of
−31.1‰ reported for Isorropodon perplexum (Olu-Le Roy
et al. 2004) and between −33.1 and −32.7‰ for Isorropo-
don bigoti suggest that thioautotrophy contributes signifi-
cantly to the nutrition of the hosts.
3.3 Host/symbiont relationships and the evolution
of Isorropodon
The monophyly of symbiont sequences mirrors that of their
Isorropodon hosts. In the host tree, I. megadesmus and I.
bigoti are more closely related, but with low bootstrap
support, suggesting that COI does not resolve well within-
group relationships. Altogether our results do not contradict
the hypothesis of maternal inheritance and host/symbiont
co-speciation postulated for other Vesicomyidae (Peek et al.
1998; Stewart et al. 2008). However, vesicomyid symbionts
display highly similar 16S rRNA sequences (range: 91.9 to
99.9 %; mean: 97.0±1.4 %; n026 sequences (23 retrieved
from Genbank and three from this study)), which does not
allow to resolve symbiont phylogeny properly. Although
23S rRNA is often considered a more variable marker
(Stewart et al. 2009), it is only slightly more variable among
the 10 available vesicomyid symbiont sequences (range:
91.1 to 99.6 %; mean: 94.9±2.4 %; n010 sequences (7
retrieved from Genbank and three from this study)), and
additional markers will be necessary to settle the issue of
Table 2 Similarity matrix between symbiont sequences from the three
Isorropodon species. Genes encoding 16S rRNA, 23S rRNA and APS
are presented
Host name I. bigoti I.megadesmus I. perplexum
16S I. bigoti 1 0.980 0.970
I.megadesmus – 1 0.986
I.perplexum – – 1
23S I. bigoti 1 0.981 0.972
I.megadesmus – 1 0.983
I.perplexum – – 1
APS I. bigoti 1 0.964 0.964
I.megadesmus – 1 1
I.perplexum – – 1
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co-speciation. Other vesicomyid species are found in the
Eastern Atlantic, but I. perplexum is to our knowledge the
only species documented in the Mediterranean. Larger ves-
icomyids tentatively attributed to the genus Calyptogena
were sampled in the Miocene fossil record, together with
large Bathymodiolus type mytilids and lucinids (Taviani
1994). Because of episodes such as the Messinian Salinity
crisis (5.96-5.33 MYA, Duggen et al. 2003), it can be
Fig. 2 Phylogenetic tree based
on 16S rRNA sequences (1,267
positions in the alignment).
Scale bar represents estimated
2 % sequence substitution.
Values at nodes indicate
posterior probabilities
(Bayesian/bootstrap values
(ML) over 50 % are shown).
Sequences in red are from this
study. ML and Bayesian
analysis yielded identical tree
topologies. Host taxonomy
according to the WORMS
database (GENBANK name
also included; in grey). FISH
hybridization on Isorropodon
bigoti (b) and Isorropodon
megadesmus gill transverse
sections (c) with the Gam-42
(stained in green) and ImedT2-
193 (stained in red) with an
overlay result (yellow). No sig-
nal was observed from the cili-
ated zones, whereas all
bacteriocytes from the lateral
zones displayed dense FISH
signal (in yellow), indicating
bacteriocytes filled with bacte-
ria. Nuclei of vesicomyid cells,
which are counterstained with
DAPI, appear blue
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hypothesized that I. perplexum colonized the Mediterranean
from Eastern Atlantic ancestors recently. The Strait of Gi-
braltar may act as an important limitation to connectivity
between these two biogeographic regions which may ex-
plain the higher genetic divergence of Atlantic vs. Mediter-
ranean species. A different trend is found in the symbionts,
with genetic difference between I. perplexum and I. mega-
desmus symbionts than between Atlantic species. This sug-
gests that symbiont transmission may not be strictly vertical
in vesicomyids, and symbiont movement between hosts or
acquisition from the environment may contribute to in-
congruence between host and symbiont phylogenies.
Most Isorropodon species were reported from the Atlantic
Ocean (7 out of 9 species). This geographical distribu-
tion, and the wide vertical range (from 150 to 6,809 m)
(Krylova et al. 2011), in combination with the high level
of adaptation to reducing environments, makes Isorropo-
don a prospective model to study biogeographical, eco-
logical and depth-related evolutionary processes in hosts
and symbionts.
Fig. 3 Phylogenetic trees
based on a fragment of the 23S
rRNA encoding gene (796
positions analysed) (a) and on a
fragment of the gene-encoding
alpha subunit of APS reductase
(125 amino acid positions ana-
lysed) (b). Scale bars represent
estimated 5 % sequence substi-
tution. For both trees, robust-
ness of clades was evaluated by
100 ML bootstrap replicates.
Bootstrap support values over
50 % are shown. Sequences in
red are from this study. Host
taxonomy according to the
WORMS database (GENBANK
name also included; in grey)
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